INTRODUCTION
============

Diffusion tensor imaging (DTI) has been used as a quantitative imaging tool and is increasingly used to assess patients with various disorders of the central nervous system. Diffusion indices, such as fractional anisotropy (FA) and mean diffusivity (MD) or apparent diffusion coefficient (ADC), are often used to detect subtle changes in white matter that accompany various diseases ([@B1]), and have been demonstrated as useful biomarkers for pathological conditions or disease progression. However, measurement of diffusion indices can depend on various factors ([@B2], [@B3], [@B4]) including the MR scanner type, imaging parameters, patient factors such as age and gender, and inter- and intra-observer variations in the region-of-interest (ROI) analysis. In particular, the effect of changes in the imaging parameters seen on FA or ADC is still not completely understood. MR parameters such as the b-value, echo time (TE), the number of diffusion gradient directions (NDGD), and the number of signal acquisitions (NSA), reportedly influence the FA and ADC ([@B5], [@B6], [@B7], [@B8], [@B9]). However, most of these studies were performed on human subjects and with a limited scan environment, i.e., the number of adjustable imaging parameters, scan time, motion, number of subjects and reproducibility. Specifically, anatomical variations among the study subjects or difficulties in performing repeated examinations in the same individual may have lead to skewed results. The aforementioned disadvantages of human studies may be overcome using phantoms that allow multiple examinations, as well as the testing of various imaging parameters without limitation of time. Several types of anisotropic phantoms have been described in previously published studies ([@B10], [@B11], [@B12], [@B13], [@B14], [@B15], [@B16], [@B17], [@B18], [@B19], [@B20]). Organic materials, such as asparagus stems, have been tested, although these materials are neither controllable nor reproducible ([@B10]), and cannot be preserved over a long period of time. Other materials have included bundles of fibers, multiple acrylic plates, gel slices, arrays of channeled silicone plates, cylindrical containers filled with chemical materials, and capillary arrays ([@B17]). We used a capillary array phantom in the DTI experiment, and the effect of the changes in imaging parameters was investigated on FA and ADC using repeated measurements in the clinical MR imaging environment.

MATERIALS AND METHODS
=====================

Phantom Preparation
-------------------

We intended to develop an anisotropic phantom that could then be used as a reference in clinical DTI studies of the human brain by attaching it to a patient\'s head. The phantom was constructed using a capillary array manufactured by Schott North America (Southbridge, MA, USA) and modified according to our specifications. The capillary array is made of lead silicate glass with a density of 3.0 g/cm^3^. The phantom specifications were a 10-mm diameter and a 10-mm length, filled with 50-µm diameter capillary pores occupying 50% of the cut surface area ([Fig. 1A](#F1){ref-type="fig"}). For MR measurements, the phantom was placed in a test tube containing distilled water and then sealed. The water temperature was maintained by keeping the water container at room temperature for 1 hour before the experiment. Water was injected using a syringe into the array through a rubber tube connected to the outside of the array in order to eliminate air bubbles in the capillary array.

The phantom was attached to a bottle filled with 1000 mL of demineralized water mixed with 770 mg CuSO~4~.5H~2~O, 1 mL arquad, and 0.15 mL H~2~SO~4~ 0.1 N solution to simulate the human brain examination. The phantom was attached to the water bottle and placed in the center of the head coil in order to avoid bias from any positional difference throughout the MR examination ([Fig. 1B](#F1){ref-type="fig"}). This phantom setup was used throughout this study.

MR Examination
--------------

MR imaging of the phantom was performed using a 3.0-T MR scanner (Achieva, Philips Healthcare, Best, the Netherlands) with an 8 channel head coil. DTI was performed using the Stejskal-Tanner diffusion preparation with single shot spin-echo echo-planar imaging ([@B21]). The nominal \'delta\', i.e., the time from the start of the first gradient to the start of the second gradient, and the \'delta\', i.e., the duration of the gradient were 39 msec and 10 msec, respectively. These time parameters were used with a different diffusion gradient strength for each b-value throughout the experiments.

We used the standard DTI protocol with the following parameters: repetition time 6422 msec; TE 80 msec; field of view 224 mm; slice thickness 2 mm; 55 slices; b-value 0 and 800 sec/mm^2^; matrix 112 × 112; sensitivity encoding (SENSE) factor 2; NSA 2; and NDGD 15. Multiple DTI scans were performed with changing imaging parameters, i.e., voxel size, SENSE factors, TE, NSA, b-value, and NDGD one-at-a-time, and with each parameter changed in step wise increments. The parameters used were shown in [Table 1](#T1){ref-type="table"}. The entire series of DTI scans was repeated thrice, at one-week intervals, and with the same changes in parameters throughout the scans. In each series, 20 DTI scans were obtained and a total of 60 DTI scans were finally obtained.

We measured the signal-to-noise ratio (SNR) for each DTI scan. With parallel imaging in this experiment, conventional SNR measurement, which directly estimates the signal and the noise from the image foreground and background, respectively, could not be used due to the spatial variations of noise (g-factors). Instead, we separately obtained images with the excitation radiofrequency (RF) pulses turned off, and which resulted in a noise map with spatial aspects. The noise maps were obtained in each DTI scan by performing 2 dynamic scans, one with excitation RF pulses and the other without the RF pulses. The noise maps were obtained only in the first series of DTI scanning.

Post-Processing and Measurement of the Diffusion Tensor Indices
---------------------------------------------------------------

Diffusion tensor imaging results were transferred to an independent console, and FA and ADC maps were generated using a vendor-provided software program (FiberTrak software, Philips Healthcare, Best, the Netherlands) ([Fig. 2](#F2){ref-type="fig"}). A 4-voxel ROI was placed at the center of the mid-portion slice in the phantom to measure the DTI indices, and the average FA and ADC values for the ROI were determined.

Pixel-wise ADC and FA maps were computed using the following equations: where λ~1~, λ~2~, and λ~3~ are the 3 diffusion eigen values of the diffusion tensor and λ denotes the mean of the 3 eigen values. ADC is a measure of the average magnitude of the 3 eigen values, whereas FA represents the degree of diffusion anisotropy.

Measurement of SNR
------------------

The SNR was calculated using the following equation: SNR = mean of object / standard deviation (SD) of the noise in the object. As the SD of the noise in the object cannot be measured directly from the background signal when parallel imaging is used, the SD of the noise in the object was estimated from the mean of the noise image at the same location ([@B22]). Therefore, SNR = 1.253 × mean of object (ROI in the b0 \[b-value = 0\] image) / mean of the noise image (ROI in the noise image). The factor of 1.253 is a fixed factor relating the mean of the noise to the noise SD at the same location ([@B23]). ROIs of 100 mm^2^ were placed in the center of the fluid-filled bottle in the b0 image and in the corresponding noise image of each scan ([Fig. 3](#F3){ref-type="fig"}).

Statistical Analysis
--------------------

Variations in FA and ADC among the 3 repeated measurements were assessed by calculating the coefficient of variation (CoV) for FA and ADC in the protocol. For the calculation of the CoV, we first calculated the CoV in each parameter and then calculated the average value of the CoV, both for FA and ADC. The relationship between the imaging parameters and the DTI indices were evaluated using Spearman\'s correlation analysis. For each MR parameter, we combined all data from 3 estimates into a single series and performed Spearman\'s correlation analysis. All statistical analyses were performed using SPSS (version 18.0; SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Using the standard protocol, the mean FA of the phantom was 0.229 (range 0.224-0.235, SD 0.0055) and the mean ADC was 1.742 × 10^-3^ mm^2^/s (range 1.687-1.824, SD 0.0726). The CoVs for FA and ADC for the capillary array phantom were 7.1% and 2.4%, respectively. There were significant positive correlations between the FA values and the SENSE factor (rho = 0.691, *p* = 0.013), TE (rho = 0.688, *p* = 0.005), and the b-value (rho = 0.701, *p* = 0.001), while the NDGD (rho = -0.767, *p* = 0.016) showed a significant negative correlation with the FA. There were significant negative correlations between the ADC and the SENSE factor (rho = -0.692, *p* = 0.013), TE (rho = -0.720, *p* = 0.002), and the b-value (rho = -0.837, *p* \< 0.001), while there was no such correlation between the ADC and the NDGD (rho = 0.316, *p* = 0.407). The voxel size and the NSA did not correlate with either FA or ADC ([Table 2](#T2){ref-type="table"}). The SNR data were shown in the [Supplementary Table 1](#S1){ref-type="supplementary-material"} (in the online-only Data Supplement).

DISCUSSION
==========

We used a capillary array phantom to investigate the effect of changes in DTI parameters on FA and ADC. We found that this phantom could be used as a reference for image quality in DTI images acquired in multicenter or longitudinal studies. Moreover, we found that both FA and ADC were significantly correlated with TE, the SENSE factors, and the b-values, and that FA was also significantly correlated with the NDGD.

Diffusion tensor imaging has been used in humans to investigate microstructural damage and white matter integrity. DTI can also be useful as a surrogate marker for many neurodegenerative or neoplastic diseases in the brain ([@B1]). However, its practical use is limited, by variations in the diffusion indices in different MR scanners, as well as by variations caused by the use of different imaging parameters, e.g., those used in longitudinal or multicenter trials ([@B2], [@B3], [@B4]). Therefore, it is necessary to develop a method that can assure the quality of DTI images acquired in multiple medical institutions. We considered that a phantom would be useful for validating DTI indices and for quality control of MR scanners and imaging parameters, as long as the phantom exhibits similar behavior for diffusion FA and ADC as in the human brain. A DTI phantom should be anisotropic and provide consistent values that are both stable and reproducible ([@B14], [@B16], [@B17], [@B18]). We utilized a capillary array phantom with modified design and dimensions to allow attachment to a patient\'s head in developing a phantom that can be used as a reference standard in clinical DTI studies of the human brain in multiple medical centers and over different time periods. We tested its feasibility for diffusion anisotropy measurements and found that its CoVs for FA and ADC were 7.1% and 2.4% respectively, which were considered acceptable for clinical use. We conducted a pilot test with the phantom attached to the head of a volunteer and obtained images with changing SENSE factors to ensure feasibility of the phantom in clinical studies. Both FA and ADC value variations in the volunteer test were similar to that of our experiment with the phantom attached to the water-filled bottle.

We used the capillary array phantom to test the effects of changes in the MR imaging parameters on FA and ADC. Of the many parameters that could be controlled in DTI ([@B5], [@B6], [@B7], [@B8], [@B9]), we selected those that could potentially affect DTI indices. The tested parameters were the b-value, TE, SENSE factor, NDGD, voxel size, and NSA.

Only a limited number of reports are available on the effects of MR parameter variations on the measurement of FA and ADC. Moreover, the results are inconsistent and some of the results differ from others. In the previous reports, FA showed no correlation with NSA ([@B8]) and a negative correlation with the voxel size and the NDGD ([@B9], [@B24]). Regarding SENSE factor, b-value and TE, some authors reported a positive correlation with FA ([@B6], [@B25], [@B26]) while others reported no correlation ([@B3], [@B5]). In the case of ADC, the b-value showed a negative correlation ([@B5], [@B27], [@B28]), while the SENSE factor or the NDGD showed no correlation ([@B7], [@B24], [@B25]). The correlation with TE differed according to the target area: no correlation with ADC in white matter ([@B3], [@B6], [@B28]), positive correlation in gray matter ([@B29]), and a negative correlation in cerebrospinal fluid (CSF) ([@B28]). There is no available report regarding the effect of variations in NSA or the voxel size on ADC.

The mechanism by which variations in imaging parameters causes changes in FA values is unclear, however, SNR seems to have an important role. It is well-known that the SNR depends on the imaging parameters and affects FA measurement. At moderate b-value ranges, FA is overestimated at a low SNR setting ([@B30], [@B31]). In contrast, the effect of the SNR on the ADC measurement is unclear and reports regarding the correlation between the ADC and the SNR are inconsistent in different studies ([@B30]).

In our experiment, FA showed positive correlation with the b-value, SENSE factor, and the TE and a negative correlation with the NDGD. There was no correlation between FA and NSA or the voxel size. Because FA is overestimated in a low SNR setting, conditions causing lower SNR will result in increased FA. With an increasing b-value, SENSE factor, or TE, the SNR is expected to decrease and, therefore, FA will be positively correlated with these parameters. A negative correlation of NDGD with FA can be similarly explained, i.e., increased NDGD will result in increased SNR and therefore, decreased FA. The reason for lack of correlation between the FA and the NSA or the voxel size is unclear. SNR increases with increasing NSA, and therefore, FA is expected to be decrease. However, in our experiment, the FA was not decreased with increasing NSA. There was no significant increase in the SNR with increasing NSA in the range of the NSA we tested, 1 to 4 in our preliminary experiment. Although we could not clearly identify the reason why the NSA change did not affect the FA, we speculated that the change in noise level did not differ significantly in our tested NSA range. Widjaja et al. ([@B8]) also reported that increasing NSA did not affect the FA in their human brain study, which was consistent with our results. Since we tested only a narrow range of variations in voxel size it likely resulted in no correlation between the FA and voxel size.

Apparent diffusion coefficient changes were more unpredictable, as compared to those of FA in our study. ADC showed a negative correlation with the b-value, SENSE factor and TE, and there was no correlation with the NSA, NDGD, or the voxel size. The negative correlation of ADC with the b-value is well-known in diffusion-weighted images, which was consistent with our results ([@B5], [@B27], [@B28]). The negative correlation of ADC with TE in our study corroborated previous studies using a gel phantom ([@B32]) or CSF ([@B28]) in humans. We speculated that the high range of the ADC values in our study explains our finding of a negative correlation of the ADC with the TE. Our result differed from those of a previous report that showed no correlation of the SENSE factor with the ADC ([@B25]). Although the reason is not yet clear, we speculate that the high ADC range in our study may explain this discrepancy. We detected no correlation between the NDGD and the ADC, similar to previous reports ([@B7], [@B24]).

Our experiment showed that FA and ADC may differ according to the MR imaging parameters. Moreover, the effect of individual MR parameters on FA or ADC was not consistent with that seen in previous studies that were not consistent, either. The reason for the inconsistency among studies is not clear. It can be attributed to the different range of implemented parameter values, different vendor machines or different field strength, different measurement location such as gray matter, white matter or CSF, as well as different subjects such as humans, animals, phantoms, or model simulation. The variations of FA and ADC value according to the MR imaging parameters may raise a problem in multicenter or longitudinal studies DTI data compatibility. Therefore, we suggest that implementing a phantom, as well as cautious selection of imaging parameters is warranted for quality assurance of DTI data in clinical studies.

Our study had several limitations. First, the FA and ADC values of our phantom were in a different range from that of normal white matter, which may have led to different effects on the FA and ADC than those observed in human brains. However, once reference FA and ADC ranges are set based on an *in vivo* DTI study, these values can be used in multiple medical institutions or research centers or in longitudinal studies, as a marker to ensure the minimum DTI image quality. A second limitation was the small size of our phantom. Although we intended to construct a small phantom to attach to a patient\'s head, this also causes susceptibility to image distortion and noise, which may have resulted in biases in the FA and ADC measured from the phantom. However, patient tolerance is also an important issue, and further studies will focus on the size of the phantom so that minimum image artifacts in the phantom, as well as patient comfort are ensured. Third, we only used one phantom in this study. Further studies with additional phantoms are needed in order to investigate their feasibility. Moreover, comparisons of phantoms and human brains are warranted to further verify the effects of MR parameter changes on the measurements of the FA and ADC values and to determine whether this technique can be successfully implemented as a tool for the quality assurance of DTI indices in MR scanners. Finally, the SNR measurement was not analyzed in our study because we only obtained the noise maps with the first series of our experiments in order to be used as a preliminary reference.

In conclusion, capillary array is an excellent choice for a diffusion anisotropy phantom, as it showed reasonable CoV in multiple FA and ADC value measurements. We found that the FA and ADC significantly correlated with the SENSE factors, TE, b-value, and the NDGD, although not with the voxel size or NSA. Attention to the choice of imaging parameters is important in applying DTI to clinical studies. We consider that the capillary array phantom can be used for quality control in longitudinal or multicenter clinical studies.
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Supplementary Material
======================

The online-only Data Supplement is available with this article at <http://dx.doi.org/10.3348/kjr.2015.16.2.297>.

###### Changes in Signal-To-Noise Ratio According to MR Parameter Change

  Parameter     Variation   SNR
  ------------- ----------- --------
  Voxel         1.5         104.1
  2             140.4       
  2.2           140.9       
  2.5           197.0       
  SENSE         2           154.6
  2.5           142.9       
  2.8           131.6       
  4             108.7       
  TE            60          170.95
  70            160.1       
  80            154.4       
  90            128.4       
  100           136.9       
  NSA           1           136.7
  2             140.0       
  4             138.9       
  b-value^\*^   600         51.3
  800           33.0        
  1000          20.3        
  1200          13.9        
  1600          6.0         
  2000          2.5         
  NDGD          6           148.2
  15            168.1       
  32            185.0       

![Photographs of phantom and phantom installed in head coil.\
**A.** Capillary array phantom, measuring 1 cm in length and 1 cm in diameter. **B.** Capillary array phantom (arrow) is attached to water-filled bottle and installed in 8-channel head coil. Phantom is securely placed in syringe tube filled with distilled water and air bubble is meticulously removed.](kjr-16-297-g001){#F1}

![B0 (A), ADC (B), FA (C), and color-coded FA (D) images of phantom generated by post processing of DTI source images on workstation.\
Water-filled bottle was cropped in figures. ADC = apparent diffusion coefficient, DTI = diffusion tensor imaging, FA = fractional anisotropy](kjr-16-297-g002){#F2}

![SNR measurement.\
Signal intensity was measured on b0 images of water-filled bottle **(A).** ROI of 100 mm^3^ was placed in center of bottle (arrow). Noise image was obtained simultaneously with DTI and noise was measured in corresponding area of b0 images (**B,** arrow). Noise image was used to measure noise, as it is very difficult to measure noise directly in images when using parallel imaging. SNR was calculated using following equation: SNR = 1.253 × mean of object (ROI in b0 image) / mean of noise image (ROI in noise image). Factor of 1.253 is fixed factor expressing mean of noise image to standard deviation of object with signal at same location. DTI = diffusion tensor imaging, ROI = region-of-interest, SNR = signal-to-noise ratio](kjr-16-297-g003){#F3}

###### Changes in MR Scan Parameters

![](kjr-16-297-i001)

  Parameter              Standard Protocol   Parameter Changes
  ---------------------- ------------------- -----------------------------
  Voxel size (mm × mm)   2.0                 1.5/2.0/2.2/2.5
  SENSE factor           2                   2/2.5/2.8/4
  TE (msec)              80                  60/70/80/90/100
  NSA                    2                   1/2/4
  b-value                800                 600/800/1000/1200/1600/2000
  NDGD                   15                  6/15/32

**Note.**- NDGD = number of diffusion gradient directions, NSA = number of signals acquired, SENSE = sensitivity encoding, TE = echo time

###### Correlations of MR Scan Parameters with FA and ADC

![](kjr-16-297-i002)

                 FA       ADC              
  -------------- -------- ------- -------- ----------
  Voxel size     -0.043   0.894   -0.497   0.101
  SENSE factor   0.691    0.013   -0.692   0.013
  TE             0.688    0.005   -0.720   0.002
  NSA            -0.105   0.787   0.158    0.685
  b-value        0.701    0.001   -0.837   \< 0.001
  NDGD           -0.767   0.016   0.316    0.407

**Note.**- ADC = apparent diffusion coefficient, FA = fractional anisotropy, NDGD = number of diffusion gradient directions, NSA = number of signals acquired, SENSE = sensitivity encoding, TE = echo time
